We derive general -purpose mathematical model for pollution concentration studies. The model is based on the aerosol general dynamic equation ( GDE ) . It accounts for aerosol processes like coagulation and growth by deposition and is therefore suited for suspended -particle monitoring. Our model is validated by controlled experiments done using standard aerosol monitoring devices that measure PM10, particle cross section, particle -bound polycyclic aromatic hydrocarbons ( PPAHs ) and number concentration, showing an excellent agreement with the experimental data in a 77 -m 3 room with a time sequence of cigarettes smoked. As an example of an application, we calculated the mean PPAH emission rate in environmental tobacco smoke ( ETS ) for a ''smoldersmoked'' cigarette and found it to be 8 ng / s for a total emission of 5.28 g per cigarette. The results show that real aerosol dynamics should be taken into account when monitoring suspended particles.
Introduction
There has been a growing interest in monitoring human exposure to aerosol nanoparticles in the last few years. The reason for this is the increasing amount of evidence that links the nanoparticles with a wide range of public health problems that go from allergic diseases (Bömmel et al., 2000 ) to the shortening of life expectancy by as much as several years ( Leuenberg et al., 1995; Godleski et al., 1996 ) . Therefore, it is important to develop accurate models for human exposure to these particles in everyday life that take into account several particle properties and not only the total particle mass. For instance, substances like the polycyclic aromatic hydrocarbons (PAHs ) absorbed on the surface of particles may induce cancer in humans ( Denissenko et al., 1996 ) .
It has been previously shown that a mass balance model used in combination with portable aerosol sensors is suitable for estimations of indoor particulate concentrations and cigarette emission rates (Ott et al., 1992; Klepeis et al., 1996; Brauer et al., 2000 ) . More specifically, such a method has been used to estimate the indoor particle -bound polycyclic aromatic hydrocarbon ( PPAH ) concentration coming from traffic ( Dubowsky et al., 1999 ) , environmental tobacco smoke (ETS; Ott et al., 1994 ) and other indoor combustion sources. The method is designed to be used when measuring aerosol mass with a piezoelectric balance or when monitoring ambient gas concentration and, therefore, it just accounts for the indoor -outdoor air exchange rate, deposition and other properties, which involve first-order processes in a mass balance differential equation. Nevertheless, when using sensors that measure properties other than aerosol mass, as is the case with number concentration, cross section, photoionization, or light scattering, or when measuring aerosol mass indirectly (i.e., when using most portable sensors ) second -order terms, such as the aerosol coagulation, must be considered.
A comparison between the mass balance model and our model that includes an additional second -order term will be presented. 1 The use of the new term will be validated with our experimental data, obtained from aerosol devices that work with different principles, and as an application example the total PPAH emission of a cigarette will be calculated. It will also be shown that the comparison of different sensors reveals more information on physical and chemical properties of the aerosol.
Methods

Indoor Measurements
We performed a series of experiments to determine the amount of PPAHs generated from ETS under controlled conditions. The experimental setup was based on the one suggested for chamber measurements by Ott et al. (1992 ) and Brauer et al. (2000 ) . Four cigarettes were lighted simultaneously by a smoking machine (Filtrona model 302 ) but then left to burn by themselves (''smoldersmoked'') . Afterwards they were put out by dousing them into water. Commercially available filter cigarettes were used. The experiments were done inside a 77-m 3 room with two ventilators placed inside to ensure a fast mixture of the cigarette smoke.
In another set of experiments, we sampled the aerosol in the mainstream smoke by setting the smoking machine to burn the cigarettes, performing puffs every 60 s. The mainstream smoke was collected into filters, while sidestream smoke was released into the room; the filters were then analyzed to determine the amount of PAHs in them by means of a commercial gas chromatography mass spectrography (GC -MS ) analysis.
On average, each cigarette burned for about 8 min when smoked by the machine and 11 min when left to smolder.
PPAH
A portable PPAH sensor (EcoChem PAS 2000 CE ) was used to measure the PPAH concentration during the experiments. The photoelectric aerosol sensor ( PAS ) uses an excimer lamp to expose the aerosol flow to UV radiation with an energy h below the threshold for ionization of the gas molecules but above the photoelectric threshold of the particles ( i.e., photoelectrons are emitted from the particle ). The emitted photoelectric current is determined by collecting the positively charged particles in a filter and looking at the current flowing to ground potential. The wavelength of the excimer lamp is chosen in such a way that the photoelectric yield is mainly governed by the yield coming from aerosol particles, which have PAH molecules adsorbed on their surface ( Kasper et al., 1999 ) . The resulting photoelectric current establishes in fact a signal, which is proportional to the mass concentration of PPAHs ( Burtscher and Siegmann, 1994 ) .
Calibration of PPAH Sensors
The Ecochem PAS 2000 CE sensors are sold with calibration for combustion aerosols from traffic. Since these sensors do not measure PAH mass directly, a new calibration has to be done when changing the aerosol source. In our case, the calibration was done for particles emitted from the combustion of the test cigarettes.
In the same room used for the indoor measurements (a well -ventilated and well -mixed 77 -m 3 room ), the test cigarettes were burned using the smolder method. Four to six cigarettes were burned simultaneously ( average burning time 11 min ), waiting between 30 and 60 min before the next set of cigarettes was burned to avoid a saturation of the sensors. A total of 70 cigarettes were burned in a 13 -h period. During this time, two PAS 2000 CE and a DC 2000 CE sensors acquired data every 10 s. Additionally, a filter was sampling the aerosol in the room at a flow rate of 0.84 m 3 / h to do a GC -MS analysis and compare the collected sample of PAHs with the integrated signal obtained from the PPAH sensors.
Diffusion Charging
An Ecochem DC 2000 CE diffusion charging sensor was also used in the indoor experiments. This sensor works by producing positively charged ions by a glow discharge formed in the neighborhood of a thin wire. The ions are repelled by the wire, which is at positive potential and travel to the space containing the particles. During this process, the ions have a probability of attaching to a particle. If this happens, the particle carries the charge. The gas containing the particles is then sampled in a filter where the current flowing from the filter to ground potential is measured. For particles with a diameter below 100 nm, the probability of one ion hitting the surface and sticking to it is proportional to the cross section of the particle. Hence, this instrument measures the active surface of small particles (i.e., the exposed fraction of the surface, also called ''Fuchs surface'') without being sensitive to the chemistry ( Qian et al., 2000 ) .
PM10
We used a TSI Dusttrak (model 8520 ) , which is a portable, battery -operated instrument that measures the scattering of infrared light coming from a GaAs -laser diode at an angle of 908. It has an impactor at the sample entrance that removes all particles above 10 m, and gives a value of mass per cubic meter. It is factory calibrated to relate the intensity of the scattered light to the particle mass concentration of a standard aerosol sample (A1 test dust, previously know as ''Arizona dust'') , which exhibits a wide size distribution.
Number Concentration
To estimate the number concentration of aerosol particles, a continuous -flow ultrafine condensation particle counter (TSI CPC model 3025A ) was used. The CPC is a device specially designed for detection of particles with a size smaller than the wavelength of visible light ( down to 3 nm ).
Particles that enter the measurement device serve as condensation nuclei for oversaturated butanol vapor and grow. The butanol-covered particles are then big enough to be counted by means of light scattering. Ott et al. (1992) have shown that the indoor mass concentration of pollutants can be well described by means of the mass balance model. Nevertheless, this model is not well suited to describe other aerosol properties. Moreover, since most of the portable aerosol sensors used to monitor aerosol mass actually rely on other physical properties, they should be used together with a model derived from the general dynamic equation ( GDE, see, e.g., Friedlander, 2000 ) , which correctly describes the aerosol dynamics. In this section, we shall introduce the definition of moment of the size distribution M k , list the relevant moments for our experiments, and use the population balance equation derived by Keller and Siegmann ( 2001 ) to construct a time series model that can be used for aerosol monitoring.
Results and discussion
Population Balance Equation
Size Distribution Moments
The kth moment of the size distribution function is defined as ( Friedlander, 2000) M k ðtÞ ¼
where n (v,t ) is the particle size distribution (number of particles per unit volume) at time t, v is the particle volume and k is an arbitrary real number. The zeroth moment,
is the total concentration of particles and the first moment is the total volume of the particles per unit volume of gas:
where is the volume fraction material in the fluid. Other physical properties can be expressed by different moments. Since for very small particles the light scattering follows the Rayleigh model, the intensity of the scattered light is proportional to d p 6 and the total Rayleigh scattering can be written as
On the other extreme, the scattering intensity in the optical range corresponds to I/d p 2 , and its total intensity can be written as
Similarly, if we assume that the surface of a particle is S/d p 2 and its volume v/d p 3 , then the total aerosol surface per unit volume gas A is given by
Therefore, a population balance equation written in terms of the GDE for different moments M k can be used to study the changes in number concentration (k = 0) , particle cross section (k = 2/3 ), mass and volume ( k= 1) and light scattering ( 2/3 k 2 ), among others. Additionally, such an equation can even be used in the case of aerosols composed of agglomerates with fractal dimension D f by taking into account the power law relationship v / d D f p .
Time Series Model
Consider a well -mixed room of volume V, an indoor aerosol concentration with size distribution n( v,t ) , an indoor source producing aerosol at a rate g (v,t), and an outdoor aerosol concentration x 0 (v,t ) entering the room at a rate ! (air flow rate ) . Keller and Siegmann (2001 ) showed that for an aerosol presenting a narrow size distribution, which is the case of the aerosol produced in our indoor measurements, the population balance equation for the kth moment can be written as
where g k (t ) =v k g( t,v ) and x 0,k ( t) =v k x 0 ( v,t) are the contributions from the indoor source and outdoor concentration, respectively, to the kth moment, and v is the average particle volume. The first -order change rate coefficient k is defined as
where d is the rate of particle loss due to diffusion to the walls, and I is the single -particle growth rate by condensation, and the second -order change rate coefficient K k is defined as
where K is the average coagulation coefficient. We can see immediately the similarity between Equation 7 and the mass balance equation. The first term on the righthand side of the equation is the change in the kth moment due to air exchange, the second is the indoor source contribution, and the third is the change in moment due to sinks (diffusion losses ) and sources ( condensation or particle nucleation ) inside the chamber. We also notice that the coagulation contributes as a quadratic term for the moments k6 ¼1. This would yield an error if we try to describe properties other than mass and volume by using the mass balance model.
By analyzing the value of the coefficients K k and k for the moments related to our sensors, we see that in the case of the zeroth moment (number concentration ) K 0 =K is the actual coagulation coefficient and 0 = d/V is reduced to the particle loss by diffusion since condensation has no influence in number concentration. For k=1, M 1 represents total mass or volume, and K 1 =0. Finally, for moments M k > 1 , as in the case of Rayleigh scattering ( k= 2 ), the coagulation would have a positive contribution to the total moment since K k <0.
If, for simplicity, we assume a constant outdoor concentration x 0,k ( t) =x 0,k and an indoor source with constant strength over time g k (t ) =g k we can solve Equation 7 as
which is the indoor aerosol concentration at a given time t> t 1 . M k ( t 1 ) denotes the value of the kth moment at time t 1 , and
We shall now analyze some specific cases of Equation 10 and validate it against the first -order mass balance model. Let us assume that the outdoor concentration x 0,k = 0, which is valid for a controlled experiment in an isolated indoor space. Simplifying, we can add together the first coefficients and write them as È = k + ! /V (also known as the effective air exchange rate ). We can distinguish now between two cases: a production process with a source emitting aerosol at a constant rate g k for a time interval t 1 t t 2 , and a decay process where g k =0 for a time t> t 2 .
During the emission event t 1 t t 2 and À= [È 2 +2K k g k / V ] 1 / 2 . At this point, we can compare our result with the linear model by setting the value of K k =0, obtaining
which is the expected simple exponential expression for the mass balance model (Ott et al., 1992 ) . For the decay process t> t 2 , g k =0, A=È, and Equation 10 becomes
Equation 13 has a simpler form than our general solution ( Equation 10) , and describes the concentration decay in the case when no indoor sources are present. Here again by making the quadratic term coefficient K k =0, we obtain the simple exponential decay that involves a linear model
Note that by using a sink coefficient K k 6 ¼0, the decay would yield a different result than in the case of the simple exponential. This is especially important for our example of source strength determination, where we analyze the decay and calculate the values for F and K k to estimate the concentration in the room at the time when the source was extinguished. It also plays an important role when measuring in places where the air is not mixed fast because we would have to wait for the moment when a stable condition is reached. Figure 1 presents the aerosol concentration, produced by lighting four cigarettes together, as measured by the TSI Dusttrak, Ecochem DC 2000 CE, Ecochem PAS 2000 CE and TSI CPC 3025A. The point of maximum concentration coincided with the time at which the cigarettes were put out. We calculated the lines by fitting the model to the decay part of the curve (by using Equation 13 ). The first part was then plotted using the fitted values, the initial indoor concentration and the cigarette burn time as parameters to calculate the emission rate g. As can be seen here, the model shows an excellent agreement with the experimental data. A close examination of Figure 1 shows that an upward curvature is observed in the decay part of all the plots when using a semilogarithmic scale. The effect of this curvature is quantified in Table 1 where a comparison with a fit to the first -order model is shown. As can be seen from the calculated residual values, the linear model will lead us to an incorrect estimation of the experimental values. In our case, the typical average difference (average error ) is between one and two orders of magnitude bigger when using the linear model as when using our model. The largest error is observed for the number concentration, where the coagulation has a stronger impact. Moreover, the curvature also means that, when using the linear model, the error will be further enhanced if we project the data outside of the fitting interval.
Indoor Measurements Results
As mentioned before, all the devices used measured at most a property that can be related to particle mass concentration and not mass concentration itself. They all rely on a different property and, therefore, different values have to be expected for the fitted parameters. A similar measurement for an inert gas or with a device that measures aerosol mass directly, like a piezobalance, should not give this curvature since, for mass and volume measurements, the coefficient K 1 =0 and our population balance equation would be reduced to the mass balance model.
The simplest case for understanding how the coefficient K k works is by looking at the coagulation, which is the second -order process that plays the most meaningful role in our measurements. Here, as two particles stick together the number concentration is reduced by one. On the other hand, the reduction of the surface of the particles during coagulation depends on the coagulation process itself.
Consider agglomerates formed by n spherical primer particles of surface S 0 . The active surface S n of the agglomerate is related to the number of primer particles n as
The coefficient shows us the growing process of the aerosol. In aerosols agglomerating in chains, the surface would be equal to the sum of the individual primer particle surfaces and = 1; in this case we would not notice aerosol coagulation when measuring the particle surface. The other extreme is the case of particles agglomerating as homogeneous spheres, where =2/3. We can compare the change on the number concentration against the change in the total surface by thinking of N agglomerates formed by n primer particles. Here, during the agglomeration, the number concentration is reduced by a factor n, while the surface is reduced at most by a factor of n 1 / 3 from NS 0 n to NS 0 n 2 / 3 . A real aerosol would have a combination of all kinds of agglomerates and, therefore, different values of , but we can assume the actual change in number concentration to be bigger than the change in the total aerosol surface. Therefore, we will obtain a larger value for the second -order coefficient K k when measuring the number concentration as when measuring the particle cross section. When measuring number concentration, K k = 1 = K is the actual coagulation coefficient; in the other case, K 2 / 3 < k < 1 is related to the change in particle surface. Table 2 shows the different values obtained when fitting the experimental data. Specially notable is the case of the Ecochem PAS 2000 CE device, where the effective air exchange rate È is about twice as big as that of the other sensors. The difference is due to the fact that the photoionization is strongly enhanced by the amount of PPAH at the particle surface, and the dynamic processes taking place at the surface can be reflected as a change in the value of È. In our case, the condensation of species at the particle surface blocks the sites covered by PPAHs and reduces the photoionization signal.
Since, as opposed to È, the units of K k depend on the units of the measured property, it is difficult to directly compare the values obtained when using our method. Nevertheless, we can do a first approximation by multiplying the value of 1 /2( K k ) by the maximum concentration ( denoted as Peak ) obtained in one of our indoor measurements. When doing so, we see that, for high aerosol concentrations, the value of 1 /2 (K k ÂPeak ) can even be larger than the one from È. This is again the case of the number concentration where the aerosol coagulation dominates the first part of the decay process; after this first part, and in the case of the other sensors, the concentration decay is dominated by the first-order processes.
Source Strength Determination
One of the goals of our approach was to determine if the model with the additional nonlinear terms was suitable for calculating the amount of PPAH produced by a cigarette. For this reason a calibration of the PPAH monitors ( PAS 2000 CE ) was done as described in the Methods section.
The GC -MS analysis of collected mainstream cigarette smoke yielded a total of 1.7 g PAHs; this represents a mean concentration of 155.7 ng /m 3 PPAHs during the 13 -h A c e n a p h t h a l e n e A c e n a p h t h e n e F l u o r e n e P h e n a n t h r e n e A n t h r a c e n e F l u o r a n t h e n e P y r e n e sampling period. A detail of the distribution of the PAHs can be seen in Figure 2 ; as a comparison, the same type of analysis was done to the mainstream smoke sample extracted with the smoking machine. We can see that the contribution of PAHs that have been characterized either as probably carcinogenic to humans ( 2A ) or possibly carcinogenic to humans (2B ) by the International Agency for Research on Cancer (see also Denissenko et al., 1996 ) have an important contribution to the total PPAH weight, specially in the case of the ETS. By using the results obtained from the calibration and the indoor measurements technique, we used our PAS 2000 CE sensor to establish the mean emission rate of our test cigarettes, which was found to be 8 ng/s PPAHs per cigarette. This means that the total emission of one cigarette for an 11 -min burning event would be 5.28 g PPAHs. These results allow us to predict the PPAH concentration of a series of smoking activities. Figure 3 presents a comparison between such a prediction and the actual measurement of our controlled cigarette experiments.
The same technique would allow us to calculate the total aerosol mass emission rate, called respirable suspended particles (RSP ), of a cigarette and to obtain the PAH -to -RSP rate. Klepeis et al. (1996) have calculated the RSP with the linear model for a different kind of cigarettes, using a piezobalance, and found this value to be 1.43 mg /min. This gives us an approximated PPAH -to -RSP ratio of 3.35Â10 À 4 . We can compare this to the PPAH -to -TAR ratio from the mainstream smoke sampled using the smoking machine, found to be 5.5Â10
À 5 , and with the PPAH -to -RSP ratio for traffic aerosol in the Gubrist tunnel in Switzerland (Weingartner et al., 1997 ) , determined by a chemical analysis to be 8.6Â10 À 3 (0.86%). 
